Annoyance ratings for artificially created noises, resembling the main characteristics of temporal wind turbine noise, were studied by means of a listening experiment involving 21 participants with normal hearing. Three types of stimuli were examined: broadband noise (−4 dB/octave), noise generated by moving cars, and narrowband noise. All stimuli had the sound level fluctuations typical for wind turbine noise. The magnitude of the sound level fluctuations was measured in a quantitative way, by using the characteristics of amplitude modulated sound: modulation rate and modulation depth. Our aim was to examine how the modulation rate and the modulation depth influence the noise annoyance assessment of broadband and narrowband amplitude modulated noises. Three different modulation rates, 1, 2 and 4 Hz, and sound level fluctuations (a measure of the modulation depth), 3, 6, 9 dB, were applied to each type of stimuli (with exception of noise generated by the moving cars) and investigated. The participants in the listening experiment were presented with sound stimuli in laboratory conditions and asked to rate their annoyance on a numerical scale. The results have shown a significant difference between the investigated conditions. The effect was particularly strong between the annoyance judgments of different types of noise (narrow and broadband), and modulated versus unmodulated noises. Temporal fluctuations occurring in wind turbine noise are very pertinent to the perception of annoyance and could be responsible for its being a relatively annoying noise source. The obtained results were discussed and compared to the typical modulation rates and level changes that occur in recordings of real wind turbine noise.
Introduction
The dose-response curves obtained for wind turbine noise are different from similar curves obtained for other environmental sound sources, such as traffic noise, railway noise or even air noise. They show systematically a larger proportion of highly annoyed people (%HA) at the same dose value of L den compared to other noise sources (Miedema, (Moorhouse et al., 2007) . Some researchers also mention the presence of a discrete frequency component in wind turbine noise (Hubbard, Shepherd, 1991) . Regarding the low frequency content in wind turbine noise, there is a tendency in the literature to agree that this is not a problem related to increase annoyance of this specific sound source (Jacobsen, 2005; Tachibana, 2014) . However, this is not the case when the temporal fluctuations of the sound level are considered. There have been many studies discussing whether or not amplitude modulation is perceived in wind turbine noise. Van den Berg (2009) concluded that amplitude modulation is perceptible within dwellings. Moorhouse et al. (2007) have a different opinion. In very recent studies performed in Japan (Tachibana, 2014) it was found that "the fluctuation sensation by amplitude modulated sound might be caused at about three-quarters of all the measuring points" (the number of all measuring points was 81). On the other hand, it is clear that the presence of sound level fluctuations in wind turbine noise depends on many factors, such as wind speed, meteorological conditions, the distance from the sound source to the receiver etc. Assuming that such conditions occur and sound level fluctuations are present in wind turbine noise, it is possible to measure how these fluctuations are perceived by people. Several attempts were made in the past; for example, psychoacoustic characteristics such as roughness, fluctuation strength and loudness of wind turbine noise were investigated in laboratory settings (PersonWaye, Ohrström, 2002) . Although the main effect was confirmed, i.e. that the same sound level of wind turbine noise does not correspond to the same annoyance assessment, no specific relationships between the investigated sound characteristics and wind turbine noise annoyance were established. On the other hand, there are studies which show that fluctuation strength (Fastl, Zwicker, 2007 ) is a good descriptor of a fluctuating wind turbine noise and such fluctuations can be easily picked up by human listeners (Van den Berg, 2005).
A simplified equation for the fluctuation strength of broadband noise can be written as (Fastl, Zwicker, 2007) 
where vacil is the unit of fluctuation strength. 1 vacil equals the absolute fluctuation strength reference value produced by a 60 dB, 1 kHz tone, 100% amplitude modulated at 4 Hz (Fastl, Zwicker, 2007) . Van den Berg has shown that when ∆L rises from 3 dB to 6 dB the F BBN rises from 0 to 0.17 vacil. According to other studies (Legarth, 2007; Lee et al., 2011) , fluctuation strength correlates very well with the "swishing character" of the noise perceived by listeners. "Swishing", "whistling" and "pulsating/throbbing" are the words usually used for describing wind turbine noise characteristics (Pedersen, Person Waye, 2004) . On the other hand, it is a well-established fact that steady state sounds evoke a different amount of annoyance than fluctuating sounds. It has been shown in laboratory experiments that the same annoyance ratings for steady state sounds and fluctuating sounds were obtained when the sound level of the steady state sound was 5 dB higher than the sound level of the fluctuating sound (Moorhouse et al., 2007) . According to other studies, when the fluctuations were measured by the value of standard deviation (sd), the sounds of 4sd were assessed as more annoying than the sounds of 2sd. The loudness of these two types of sounds was the same (Dittrich et al., 2009) .
The current study extends the previous work, trying to answer some significant questions about the characteristics of wind turbine noise in relation to the noise annoyance assessment of amplitude modulated sounds:
1. What is the relationship between the noise annoyance ratings of amplitude modulated sounds, modulation rate and modulation depth? 2. Does noise annoyance caused by amplitude modulated sounds depend on the type of sound (narrow band noise, broadband noise, car noise)? 3. Which psychoacoustic noise characteristics correlate with the noise annoyance assessment of amplitude modulated sounds? 4. How do these characteristics relate to real wind turbine noise? To answer these questions, a psychoacoustic experiment was performed in which three types of stimuli were examined: broadband noise (−4 dB/octave), noise generated by moving cars, and narrowband noise. Broadband noise and narrowband noises were modulated with three different modulation frequencies, 1, 2 and 4 Hz, and sound level fluctuations (measure of the modulation depth), 3, 6, 9 dB, and the car noise stimuli were adjusted to have the same characteristics as the modulated stimuli.
Our aim was to examine how modulation rate and modulation depth influence the noise annoyance assessment of broadband as well as narrowband amplitude modulated noises. Finally, by having car noise as stimuli, with level fluctuations identical to the temporal characteristics of modulated noises, but with different spectra, it was possible to test the influence of the spectrum characteristics of the investigated stimuli on noise annoyance assessment.
In order to examine the possible psychoacoustic characteristics responsible for the noise annoyance assessment of the investigated stimuli, the following five sound characteristics were calculated: loudness, N , the percentile of loudness, (N 5), fluctuation strength, F , roughness, R, and sharpness, S. Since all these characteristics are component dimensions of psychoacoustic annoyance, PA, a multicomponent annoyance indicator (Fastl, Zwicker, 2007) , also the PA was calculated for all the investigated stimuli. Psychoacoustic annoyance, PA is defined as follows:
with N 5 percentile loudness in sones, w S describing the effect of sharpness S
w F R describing the influence of fluctuation strength F and roughness R
The correlation between the calculated noise characteristics and noise annoyance assessment was tested and discussed.
Method

Stimuli and equipment
Three types of stimuli were used in this study: noise generated by moving cars, artificially synthesized broadband noise (−4 dB/octave), and narrowband noises with three different center frequencies: 500 Hz, 2000 Hz and 8000 Hz. The noise generated by moving cars, MC, was chosen in order to a test hypothesis about the similarity of sound level fluctuation occurring in wind turbine noise and sound level fluctuation caused by different distances between the passingby cars. The broadband noise, BN, was chosen based on the assumption that the noise (−4 dB/octave) resembles the frequency characteristics of general wind turbine noise (Yokoyama et al., 2013) . Finally, the narrowband noises, NN 500, NN 2000, NN 8000, were chosen in order to find out whether the assessment of noise annoyance depends on the frequency band in which the amplitude modulation occurs.
Psychoacoustics has established that the threshold of amplitude modulation detection is the lowest at a modulation rate of 4 Hz (Fastl, Zwicker, 2007) . The remaining question concerns annoyance assessment at different modulation rates: will the annoyance ratings increase or decrease with the increasing modulation rate? To test this hypothesis in this study three modulation rates (1, 2 and 4 Hz) were applied to the investigated stimuli: BN, NN and MC. MC noise was created in such a way that the pauses between cars formed the level fluctuations identical as in modulated noises.
Three values of sound level fluctuations, ∆L of 3, 6 and 9 dB were chosen based on the analysis of real wind turbine noise recordings (the stimulus used in Van Renterghem et al. (2013) is presented in Fig. 1 ).
The results of this analysis confirm the already well-known fact that the maximum sound level occurs in the frequency range between 2-6 kHz ( Fig. 1 ) and that the maximum sound level fluctuation of total noise occurs at a modulation rate of 1 Hz. For this modulation rate (1 Hz) the magnitude of sound level fluctuations was analyzed in the 1/3 octave-band (Fig. 2) . It turns out that the local maxima occur at 2000 Hz and 8000 Hz.
Based on this result, the center frequencies of the narrowband noises were chosen. A frequency band centered at 500 Hz was added as a representation of the low frequency components. The same characteristics of amplitude modulation: modulation rate, f m , and sound level fluctuation, ∆L, were applied to the broadband noise and to narrowband noises. The noise generated by moving cars was adjusted to generate a similar time distance (compared to the modulation rate) between the single pass-bys: 1 s, 500 ms and 250 ms. Before the experiment, an objective analysis of all the stimuli was performed with the use of the Head Acoustic software, Artemis Analyzer. Loudness, N , fluctuation strength, F , roughness, R, sharpness, S, and psychoacoustic annoyance, PA (Fastl, Zwicker, 2007) , were calculated. For all the mentioned sound characteristics the averaged values were calculated. Only for loudness did the percentile (N5) value have to be additionally calculated in order to assess the psychoacoustic annoyance value, PA, (Fastl, Zwicker, 2007) . The results of all the calculations are presented in Table 1 .
The sound characteristics of the MC and BN stimuli are presented in Figs. 3 and 4 respectively. It can be seen (Fig. 1 and Figs. 3 and 4) that the 1/3 octave- band spectra (with A-correction) of real WTN and MC and BN stimuli are similar, however, their loudness patterns are different. On the other hand, when comparing the calculated sound characteristics for WTN (the last column in Table 1 ) with the values obtained for the investigated stimuli, they are similar to the BN and MC stimuli.
Participants
Twenty-one participants (aged between 19 and 24 years) took part in the experiment. All participants qualified as having normal hearing (normal hearing was defined as the audiometric threshold of 20 dB HL, or better, in a frequency range from 250 to 8000 Hz, according to the ANSI standard (ANSI, 1996), and were paid for their participation. The results of only 19 participants were included in the final analysis. Two participants were excluded on the basis of the interraters agreement index (Krippendorff, 1980) . After excluding these participants from the group, the Alfa Cronbacha index (R Core Team 2015) increased from 0.296 to 0.341. 
Procedure
In the psychoacoustic experiment the participants judged the annoyance of 50 different noises. Each stimulus was presented 10 times. All together 500 stimuli were presented to the participants, in random order. The whole experiment was carried out in ten 7-minute sessions. After each session there was a short break lasting a few minutes. After five sessions there was 20-minute break. The participants were seated in armchairs, in a 32 m (ISO, 2003) . However, the question about annoyance was adapted to the laboratory situation, e.g. there was no question about the last 12 months but rather about the present situation. In accordance with recommendations from earlier studies (Berglund et al., 1976; Hellman, 1982) 
Results
From the psychoacoustic experiment the annoyance ratings for 50 different noises were obtained. The results of 10 repetitions of each type of noise were then averaged, giving 50 average annoyance ratings for each participant. The results were grand mean-centered. This means that normalizing coefficients were created for each participant by dividing the overall mean of all the results by the mean of the results obtained from a given listener. Then the results of a given listener were multiplied by these factors. At first the repeated measures rANOVA design was applied to analyze the noise annoyance assessment obtained for each type of sound separately (see Fig. 5 ). A specific pair comparison was based on contrast analysis.
Results obtained for moving cars (MC)
The repeated measures rANOVA design resulted in a significant main effect -namely for modulation rate, [F (1.2, 21.3 Generally, annoyance increases when frequency and modulation depth increase. The differences between unmodulated noise and modulated noises are significant in all but one cases. There was no difference between MC 0 0 and MC 1 3 (p = 0.086).
Results obtained for broadband noise (BN)
The repeated measures rANOVA design resulted in a significant main effect -namely for modulation rate, Generally, annoyance increases when frequency and modulation depth increase. The differences between unmodulated noise and modulated noises are significant in all cases except for the stimuli BN 1 3, BN 1 6 and BN 1 9 (p > 0.05).
Results obtained for narrowband noise (NN 500)
The repeated measures rANOVA design resulted in a significant main effect -namely for modulation rate, 
Results obtained for narrowband noise (NN 2000)
The repeated measures rANOVA design resulted in a significant main effect for sound level fluctuation 
Results obtained for narrowband noise (NN 8000)
The repeated measures rANOVA design resulted in a non-significant main effect for both factors' modulation rate [F (1. Finally, the rANOVA was applied to all the results with the type of sound as a factor and an index representing the measure of disturbance arranged as follows: 0 0, 1 3, 1 6, 1 9, 2 3, 2 6, 2 9, 4 3, 4 6, 4 9 as a covariate. The results are presented in Fig. 6 . There is a significant main effect for the type of sound, [F (4, 944) = 173.7, p < 0.001, eta2 = 0.424]. However, the post hoc analysis shows only small differences between MC and BN stimuli (p = 0.047) for lower modulation rates and there are no differences at all between NN 8000 and NN 2000 (p = 0.079). However, the differences are significant between the remaining pairs (p = 0.001).
To identify the other possible noise characteristics responsible for the noise annoyance assessments of the investigated noise scenarios the correlation coefficients between all the objective measures presented in Table 1 and the annoyance ratings were calculated. The calculated correlation coefficients are presented in Table 2 . As expected, there is only a significant correlation between the time-dependent noise characteristics and the ICBEN annoyance ratings: for fluctuation strength (F) and for roughness (R). This occurs for broadband noise (BN), car noise (MC) and narrowband noise NN 8000 Hz. However, the changes of these time-dependent noise characteristics were not strong enough to influence the changes in psychoacoustic annoyance (PA), with the exception of MC stimuli.
Discussion and conclusions
There is a different relationship between noise annoyance ratings of amplitude modulated sounds for broadband noise and narrowband noise. For broadband noises (MC and BN stimuli) noise annoyance ratings increase with the modulation rate, while for narrowband noises (NN 500, NN 2000, NN 8000) noise annoyance ratings do not change significantly with the modulation rate.
There is a significant difference between unmodulated and modulated sounds for broadband stimuli (with four exceptions), while there are no significant differences for narrowband noises (with five exceptions).
Four exceptions of the broadband stimuli are as follows: for MC stimuli there is no difference between MC 0 0 and MC 1 3 (p = 0.086), and for BN stimuli there is no difference between BN 0 0 and the stimuli BN 1 3, BN 1 6 and BN 1 9 (p > 0.05).
For the narrowband stimuli, exceptions apply to significant differences between unmodulated and modulated stimuli and they occur for three cases of the NN 500 stimulus: NN 500 1 9 (p = 0.012), N 500 2 9 (p = 0.003) and NN 500 4 9 (p < 0.001) and for two cases of NN 2000 stimulus: NN 2000 2 9 (p = 0.006) and NN 2000 4 9 (p = 0.022).
For a given modulation rate the noise annoyance rating does not significantly increase with sound level fluctuations. This is true for all kinds of stimuli.
Although the real wind turbine noise recording was not assessed by the participants of the psychoacoustic experiment, its noise characteristics were compared with the investigated stimuli in this study. The most similar values of F, R and PA are shown in red in Table 2 . It is clear that both broadband noises, i.e. stimuli MC and BN, have noise characteristics more similar to the characteristics of the real wind turbine noise recording than the narrowband stimuli.
Comparing the results of the noise annoyance ratings for broadband stimuli it is worth noting that for a modulation rate of to 1 Hz (typical for most wind turbine noise) the MC stimuli are perceived as more annoying than the BN stimuli. This result could support the conclusion that the low frequency components in wind turbine noise are not a real problem. As can be seen from the spectra of MC and BN stimuli (Figs. 3   and 4) there are more low frequency components in BN than in MC stimuli.
The following conclusions can be drawn from the results obtained in this study:
• The auditory system is most sensitive to amplitude modulation in the modulation-rate range between 2 and 5 Hz, reaching a minimum near 4 Hz. The results of this study show that the stimulus corresponding to this sensitivity minimum is the most annoying one. All broadband noise stimuli were judged more annoying when the modulation rate was 4 Hz than when it was 1 Hz. From the practical point of view, noise generated by a wind turbine is perceived as less annoying when the frequency of amplitude modulation occurring in this noise is less than 4 Hz.
• The JND for amplitude modulation depends on the bandwidth of the modulated stimulus and decreases when the bandwidth of the modulated stimulus is increased. This fact explains why narrowband stimuli were perceived as less annoying than broadband stimuli when the same time characteristics (modulation rate and sound level fluctuations) were applied to them.
• For the same time characteristics (modulation rate of 1 Hz and three values of level fluctuation 3, 6, 9 dB) applied to two broadband stimuli, the less annoying stimulus is the one with a larger number of low frequency components, e.g. BN stimuli. This result supports the previous results (Tachibana, 2014; Yokoyama et al., 2013) which demonstrated that low frequency components are not the most significant problem when it comes to the annoyance perception of wind turbine noise.
• To be perceived as being as annoying as real wind turbine noise it is not enough for amplitude modulated noise to have the same time parameters (modulation rate and sound level fluctuations), but it also must have similar broadband spectral characteristics.
• A significant correlation between the annoyance ratings obtained from the participants of the experiment and calculated sound characteristics occurs for broadband noises (BN and MC stimuli) and NN 8000 stimulus for: fluctuation strength, roughness and psychoacoustic annoyance (only in case of MC stimuli).
